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ABSTRACT
White dwarfs are the remnants of low and intermediate mass stars. Because of electron degeneracy, their
evolution is just a simple gravothermal process of cooling. Recently, thanks to Gaia data, it has been possible
to construct the luminosity function of massive (0.9 ≤ M/M⊙ ≤ 1.1) white dwarfs in the solar neighborhood
(d < 100 pc). Since the lifetime of their progenitors is very short, the birth times of both, parents and daughters,
are very close and allow to reconstruct the (effective) star formation rate. This rate started growing from zero
during the early Galaxy and reached a maximum 6-7 Gyr ago. It declined and ∼ 5 Gyr ago started to climb once
more reaching a maximum 2 - 3 Gyr in the past and decreased since then. There are some traces of a recent star
formation burst, but the method used here is not appropriate for recently born white dwarfs.
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1. INTRODUCTION
The luminosity function is defined as the number of white
dwarfs of a given luminosity per unit volume (or galactic disk
surface unit, for instance) and magnitude interval (WDLF
from now):
N(l) =
∫ Ms
Mi
Φ(M)Ψ[T − tcool(l,M) − tPS(M)]τcool(l,M) dM
(1)
where T is the age of the population under study, l =
− log(L/L⊙), M is the mass of the parent star (for conve-
nience all white dwarfs are labeled with the mass of the
main sequence progenitor), tcool is the cooling time down
to luminosity l, τcool = dt/dMbol is the characteristic cool-
ing time, Ms is the maximum mass of a main sequence star
able to produce a white dwarf, and Mi is the minimum mass
of the main sequence stars able to produce a white dwarf
of luminosity l, i.e. is the mass that satisfies the condition
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T = tcool(l,M) + tPS(M) and tPS is the lifetime of the progen-
itor star. The remaining quantities, the initial mass function
(IMF, from now), Φ(M), and the star formation rate (SFR,
from now), Ψ(t), are not known a priori and depend on the
astronomical properties of the stellar population under study.
Since the total density of white dwarfs of a given population
is usually not well known, it is customary to normalize the
computed luminosity function to a bin with a small error bar
in order to compare theoretical and observational data. For
instance, in the case of the disk this bin is usually l = 3.
Therefore, if the observed luminosity function and the evolu-
tionary behavior of white dwarfs are known it is possible to
obtain information about the properties of the population un-
der study. Evidently, given the nature of the problem, there
is always a degeneracy between the galactic properties (SFR
and IMF) and the adopted stellar models.
The process of obtaining such information can be formu-
lated as follows. Let be tb = Tdisk − tcool(l,M) − tPS (M) the
time at which the progenitor of the white dwarf was born and
M = M(tb) the mass of the star that, being born at this time,
is able to produce a white dwarf of luminosity l at present.
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Equation 1 can be written as:
N(l) =
t
up
b∫
0
K (l, tb)Ψ (tb) dtb (2)
with
K (l, tb) = Φ [M (tb)] τcool [l,M (tb)]
dM (tb)
dtb
(3)
The kernel, K(l, tb), of this integral function is not symmetric
in l and tb and it has a quite complicated behavior. Conse-
quently, according the Picard-Lindelo¨f’s theorem, Ψ cannot
be directly obtained and the unicity of the solution is not guar-
anteed (Isern et al. 1995).
One way to tackle the problem is to optimize the parame-
ters of some trial functions comparing, after defining some
weight function, models with data (Isern et al. 1999). Ob-
viously, this solution is optimal within the context of the
adopted model, which might not correspond with the reality.
Another way consists on, starting from a simple initial guess
of the SFR, iteratively improve the solution using all the ob-
servational bins until a satisfactory solution is found (Rowell
2013a). This solution is quite sensitive to the adopted metal-
licity and IMF, but not to the DA non-DA white dwarf ratio
nor the relationship between the mass of the white dwarf and
that of the progenitor. All in all, the quality of the final so-
lution essentially depends on the quality of the observational
data.
Finally, if the luminosity function is restricted to massive
white dwarfs the SFR can be directly obtained (Diaz-Pinto et al.
1994). This method, however, has suffered from the scarcity
of high mass white dwarfs known. In an early work, this
SFR was obtained from the data of Sion et al. (1988) and
Bergeron, Saffer & Liebert (1992), and from Legget et al.
(1998) respectively, but the relatively small number of stars in
the sample prevented to obtain firm conclusions (Isern et al.
1999). Fortunately this situation has recently changed thanks
to the work of Tremblay et al. (2019) who have been able to
build a reliable and precise luminosity function of massive
stars using the data provided by Gaia.
2. MASSIVE WHITE DWARFS AND THE STAR
FORMATION RATE
This luminosity function, averaged over an interval of
luminosity ∆l, can also be directly computed as follows
(Isern et al. 1999). Assume a stellar population that forms at
a rate Ψ(t). After a time T , the number of white dwarfs that
have a luminosity l per unit of luminosity interval is given by
N(l, T ) =
1
∆l
∫
t
∫
M
Φ (M)Ψ (t) dMdt (4)
where, as before, M is the mass of the parent star, and the
integral is constrained to the domain
T − tcool (M, l − 0.5∆l) ≤ t+ tMS (M) ≤ T − tcool (M, l + 0.5∆l)
(5)
for all the stars able to produce a white dwarf.
If the integral is restricted to massive white dwarfs, i.e.
those for which it is possible to neglect the lifetime of the
progenitor in front of the cooling time, and Ψ(t) is smooth
enough1, then
N(l, T ) ≃
〈Ψ〉
∆l
∫
∆M
Φ (M)∆tcool (l,M) dM (6)
with
∆tcool = tcool (l + 0.5∆l,M) − tcool (l − 0.5∆l,M) (7)
and consequently,
〈Ψ〉 =
N(l, T )∆l∫
∆M
Φ (M)∆tcool (l,M) dM
(8)
〈t〉 =
∫
∆M
Φ(M)tdM
∫
∆M
Φ(M)dM
(9)
〈∆t〉 =
∫
∆M
Φ(M)∆tdM
∫
∆M
Φ(M)dM
(10)
It is important to notice here that the star formation rate
obtained in this way is an effective one in the sense that it re-
covers the present age distribution of the sample, but does not
take into account the secular evolution of the sample mainly
due to radial migrations and height inflation. On another
hand, hiddenWD in binaries and non-resolved double degen-
erates can bias the sample, and double degenerate mergers
can reduce the density of WD in some bins and, in the case
they do not explode as SNIa reappear as newly born hot sin-
gle WD with the corresponding density increase of younger
bins, thus modifying the SFR deduced from these data. The
importance of this effect is small given the present level of
precision, but it will be necessary to include it in order to
interpret future high precision WDLFs.
3. RESULTS AND CONCLUSIONS
Table 1 shows the values taken by 〈Ψ〉, 〈t〉 and 〈∆t〉 us-
ing the Tremblay et al. (2019) data and the BaSTI models2
1 This method is also valid for white dwarfs with masses within a limited
enough range of values.
2 Cooling models publically available at: http://albione.oa-teramo.inaf.it .
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for DA white dwarfs. Models labeled ns take only into ac-
count the release of latent heat upon crystallization, while
models labeled s take also into account the gravitational en-
ergy released by the sedimentation induced by the changes
of solubility during the crystallization process. Both fami-
lies of models are built with the chemical profiles predicted
by the evolution of the progenitor which depend on the
mass (Salaris et al. 2010). The relationship between the
masses of the progenitor and white dwarf is that found by
El-Badry et al. (2018)3, while the IMF is that of Salpeter trun-
cated at 0.1 M⊙ and normalized to the unit mass.
Table 1. Total star formation rate Ψ (M⊙Gyr
−1pc−3), age, t and
time interval ∆t (Gyr) obtained from each luminosity function bin.
Subindexes s and ns correspond to the cases with and without sedi-
mentation.
log10(L/L⊙) ts ∆ts log10Ψs tns ∆tns log10 Ψns
-1.20 0.05 0.04 -2.794 0.05 0.04 -2.794
-1.70 0.12 0.16 -2.553 0.12 0.16 -2.553
-2.30 0.41 0.43 -2.655 0.41 0.42 -2.643
-2.80 0.97 0.81 -2.780 0.91 0.64 -2.678
-3.10 1.80 0.70 -2.546 1.53 0.52 -2.418
-3.30 2.59 0.88 -2.468 2.13 0.67 -2.350
-3.50 3.53 0.99 -2.600 2.86 0.80 -2.508
-3.70 4.58 1.11 -2.747 3.75 0.98 -2.694
-3.90 5.75 1.23 -2.753 4.82 1.16 -2.728
-4.10 7.06 1.46 -2.667 6.09 1.43 -2.660
-4.30 8.88 2.58 -2.885 7.89 2.57 -2.884
-4.50 11.95 2.82 -3.403 10.96 2.82 -3.403
-4.70 14.13 1.66 -4.123 13.14 1.68 -4.130
Figure 1 displays these results, where blue and black dots
correspond to the calculations with and without sedimenta-
tion respectively. As it can be seen, in both cases the effec-
tive star formation rate is not a monotonically decreasing or
constant function as it is often assumed. It grew quickly in
the past, during the first epochs of the Galaxy, and roughly
stabilized and started to decrease at 7 or 6 Gyr ago (cases s
and ns respectively) around the values log10Ψ ≈ −2.4,−2.8
M⊙Gyr
−1pc−3. A noticeable feature is the prominent peak
centered at 2.8 or 2.2 Gyr ago depending on the adopted cool-
ing model. The increase of the SFR near the present time
is not reliable since it does not satisfy the hypothesis of a
negligible main sequence lifetime versus cooling time and
deserves more attention.
A hint of this behavior, a bump centered around 2-3 Gyr,
was already present in the results obtained by Isern et al.
(1999) –see their Figure 2– but it was not interpreted as
3 The results obtained with the Catalan et al. (2008) initial final mass
relationship are similar.
Figure 1. Star formation rate (M⊙ Gyr
−1pc−3) in the solar neigh-
borhood obtained from massive white dwarfs (d ≤ 100 pc). Blue
dots were computed taking into account the energy released by crys-
tallization (latent heat) and induced sedimentation, and black ones
only latent heat. The red line represents the star formation rate per
unit of disk surface obtained from main sequence stars (Mor et al.
2019), divided by and arbitrary scale height to allow comparisons.
Magenta points were computed in the same way as the blue ones but
using the IMF of Mor et al. (2019). Green points represent the SFR,
divided by 10 just for a sake of clarity, obtained with the Montreal
models.
indicative of star formation variability. The small number
of stars in the sample prevented its identification, in con-
trast with the present situation, where the quality of the
Tremblay et al. (2019) luminosity function provides a robust
argument in favor of a non monotonous behavior of the SFR.
Interestingly, Rowell (2013a,b) inverted the total lu-
minosity functions obtained by Harris et al. (2006) and
Rowell & Hambly (2011) from the Sloan and the SuperCOS-
MOS Sky Surveys respectively and found in both cases a
solution characterized by two peaks of star formation, placed
at ∼ 9 and 2−3 Gyr in the past, in qualitative agreement with
the results found here.
The existing degeneracy between galactic properties and
evolutionary models implies that different models can lead to
different star formation histories. The green dots of Fig. 1 dis-
play the evolution of the SFR obtainedwith theMonrealmod-
els4 COXXX0210 which are made of a half oxygen half car-
bon core, a He-layer of 10−2 M⊙ and a H-layer of 10
−10 M⊙
4 http://www.astro.umontreal.ca/∼bergeron/CoolingModels
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and do not take into account sedimentation. In this case the
bump is present, but the star formation abruptly starts around
∼ 7 Gyr.
One way to remove this degeneracy is to compare these
results with other star formation histories that have been ob-
tained with independent methods. The red line of Fig. 1
displays, after dividing by an arbitrary scale height to al-
low comparisons, the SFR per unit of galactic surface disc
obtained with the Gaia DR2 data for Main Sequence stars
with G ≤ 12 in the context of the Besanc¸on Galaxy Model
(Mor et al. 2019). This analysis suggests a decreasing trend
in the interval of 9-10 to 6-7 Gyr followed by a star burst
with a maximum centered at 2-3 Gyr. Magenta dots were
obtained as in the sedimentation case but adopting the IMF
proposed by Mor et al. (2019) in their analysis of the Gaia
data. The similarity of both computed SFRs is due to the fact
that this IMF is not too different from the Salpeter’s one in
the region corresponding to the masses of the progenitors of
the massive white dwarfs considered here. Two facts deserve
attention. i) the position and the width of the SFR burst ob-
tained by Mor et al. (2019) seems to favor models including
sedimentation, and ii) the local and the disc SFR seem to di-
verge at the early epochs of the Galaxy. This last behavior
can have several origins and demands further attention. One
possibility is a delay in starting the star formation process re-
spect to inner regions of the disc (Kubryc et al. 2015) or just
a different behavior of the outer disc as compared with the
inner one, as proposed by Haywood et al. (2018). Another
one is a vertical dilution induced by a galactic collision like
the Gaia-Enceladus event (Helmi et al. 2018).
Since the SFR has been derived from the tail of the mass
distribution of white dwarfs and neglecting the lifetime of
the progenitor, it is natural to check if it can reproduce the
luminosity function of all white dwarfs in the solar vicinity.
For that purpose, Fig. 2 displays a LF that is representative of
all white dwarfs present in a volume of 25 pc around the Sun
and it is believed to be 68% complete (Oswalt et al. 2017).
Figure 2 also displays the luminosity function of massive DA
white dwarfs and the corresponding theoretical counterpart
(solid line). The dashed line is obtained when non-DAs and
white dwarfs with massive ONe cores are included. The total
luminosity function is represented by black lines (dashed for
all white dwarfs, solid for DAs with CO cores only). As it
can be seen the shape is well reproduced except for a peak
at Mbol ∼ 9, which can be accounted for placing a burst at ∼
0.4 Gyr, which is in the limit of the method presented in this
Letter. A potential problem is that the total WDLF predicted
with the SFR obtained here is a factor ∼ 3 smaller than the
observed one.
The uncertainties in the IMF and in the initial-final mass
relationship, as well as the way as the scale height over the
galactic plane is included, alleviate the discrepancy but does
Figure 2. Theoretical luminosity functions obtained from the SFR
of Table 1 (case s). Solid lines: massive (bottom) and all masses
(top) DAs, excepting ONe ones. Dashed lines: all massive white
dwarfs (DAs and non-DAs and ONe ones (bottom) and all DAs (top).
Dotted line: the same as the top dashed line, but normalized to the
total luminosity function. Squares: DA white dwarfs of all masses
excepting ONe ones Tremblay et al. (2019). Triangles: all white
dwarfs Oswalt et al. (2017).
not solve it. Other possibilities are the degree of complete-
ness of the solar sample or the secular galactic evolution in
the solar neighborhood, but given the present uncertainties it
is not possible to obtain any definite conclusion and it will be
necessary to wait for a distribution not only in luminosities
but also in masses.
Just to conclude it can be said that massive white dwarfs
provide a robust argument in favor of a star formation burst
in the solar neighborhood that occurred 2-3 Gyr ago as well
a a hint of the existence of a more recent one, around 0.4-0.3
Gyr. These results are a clear demonstration of the possibil-
ities offered by white dwarf cosmochronology to study the
evolution of the Galaxy and the necessity to completely un-
derstand their physical properties.
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